Monoterpenes are abundant in plant essential oils and a large part of the compounds have ring structures. These cyclic monoterpenes are biosynthesized from the acyclic precursor, geranyl pyrophosphate (GPP), through a sequence of reactions; isomerization to linalyl pyrophosphate (LPP), cyclization to a-terpinyl cation followed by skeleton modification through Wagner-Meerwein rearrangement and/or further cyclization by electrophilic attack of the cation to a double bond, and then termination by deprotonation or carbocation capture by nucleophiles such as water or pyrophosphate anion.
Monoterpenes are abundant in plant essential oils and a large part of the compounds have ring structures. These cyclic monoterpenes are biosynthesized from the acyclic precursor, geranyl pyrophosphate (GPP), through a sequence of reactions; isomerization to linalyl pyrophosphate (LPP), cyclization to a-terpinyl cation followed by skeleton modification through Wagner-Meerwein rearrangement and/or further cyclization by electrophilic attack of the cation to a double bond, and then termination by deprotonation or carbocation capture by nucleophiles such as water or pyrophosphate anion. 1) A series of reactions are usually catalyzed by a single enzyme termed monoterpene synthase. Recent development of molecular biological techniques allowed the cloning of various terpene synthase genes from plants. Comparison of the sequence data of the cloned genes clarified several common features as well as several amino acid residues conserved among mono-, sesqui-, and diterpene synthases.
2) Functional expression of mutant or truncated genes prepared from the cloned genes 3, 4) disclosed the relationship between these conserved amino acid residues and enzyme activities. X-Ray crystallographic analysis of 5-epi-aristolochene synthase 5) also provided important functional information. However, as for the stereochemical course of the reactions, only the classical observations using labeled substrates or substrate analogues have been reported to point out that the initial steps of the cyclization reaction proceeded through the conformations shown in Figs. 1A, B. [6] [7] [8] [9] [10] Limonene is one of the simplest cyclic monoterpene derived from GPP and having a single asymmetric center. It may be possible to determine the amino acid residues affecting the stereochemical course of limonene formation by comparison of the deduced amino acid sequences between dand l-limonene synthases. To date, limonene synthase genes have been cloned from various Labiatae plants (Perilla frutescens, 11) P. citriodora, 12) Mentha spicata, 13) M. longifolia, 14) Schizonepeta tenuifolia 15) ). However, most of the genes were for l-limonene synthases, and only the one from S. tenuifolia was for the d-antipode.
To obtain further information about d-limonene synthase, we cloned the d-limonene synthase gene from Agastache rugosa, whose essential oil contains such monoterpenes as d-limonene, l-pulegone, and l-isomenthone. [16] [17] [18] The amino acid residues supposed to be responsible for determination of the stereochemistry of limonene biosynthesis are also discussed. lit. 19) [a] D ϭϪ22.5. cDNA Cloning and Functional Expression of dLimonene Synthase from A. rugosa d-Limonene synthase from A. rugosa was cloned using polymerase chain reaction (PCR) based on the highly conserved sequences among terpene synthases as described in our previous paper.
MATERIALS AND METHODS

Plant Material and Chemical Reagents
15 ) The position and direction of the primers used for this cloning are shown in Fig. 2 CGTGTGCCTTTCTTCCTG}. Functional expression, enzyme assay and detection of enzyme reaction product by GC-MS were also performed as described previously with slight modification. 15) In the enzyme assay, the concentration of GPP was changed to 100 mM, and as the positive control in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), d-limonene synthase from S. tenuifolia was employed.
RESULTS
A. rugosa is reported to contain methylchavicol as a major essential oil component together with some monoterpenes such as d-limonene, l-pulegone and l-isomenthone. [16] [17] [18] GC-MS analysis of the essential oil of A. rugosa grown in our medicinal plant garden showed that it contained pulegone as a major component together with a small amount of monoterpenes such as b-pinene, limonene and menthofuran Closed circles indicate highly conserved amino acid residues among plant terpene synthases. Open circles show the amino acid residues which we suggested to be responsible for regulation of the stereochemistry in our previous paper.
15) (Fig. 3) . The major component, pulegone, was isolated by silica gel chromatography and determined to be the l-enantiomer based on its optical rotation. Since l-pulegone is supposed to be biosynthesized via d-limonene, 20) A. rugosa containing ubiquitous l-pulegone was expected to be a good source for cloning the d-limonene synthase gene. Using cDNA from A. rugosa as a template, a core fragment containing the 3Ј-flanking region of limonene synthase gene was obtained by PCR amplification with sense primer A, and subsequent 5Ј-RACE gave the 5Ј-terminal sequence. The complete nucleotide sequence (ArLMS) was registered in GenBank, accession number AY055214. ArLMS is 2077 nucleotides in length and contains a 1839 bp translational region encoding 613 amino acid residues. Deduced amino acid sequence of ArLMS has the signal peptide, which is thought to be a plastid-targeting sequence at its N-terminal, and the RR motif responsible for the isomerization of GPP to LPP. 4) The DDxxD domain, which is thought to be the binding site for the substrate-divalent metal cation (Mg 2ϩ , Mn 2ϩ etc.) complex and is absolutely conserved among mono-, sesqui-, and diterpene synthases, is also conserved.
Recombinant protein of ArLMS was functionally expressed using an in vitro transcription/translation system. The resultant protein was 60 kDa in molecular weight by SDS-PAGE, which is identical to that of d-limonene synthase from S. tenuifolia 15) (Fig. 4) . The recombinant protein was incubated with GPP as a substrate and the reaction product was analyzed by GC-MS. The ArLMS recombinant protein afforded d-limonene as a single product of the reaction (Figs.  5, 6 ), indicating that ArLMS encoded a d-limonene synthase.
DISCUSSION
Deduced amino acid sequence of ArLMS showed the highest homology (87.3%) to that of d-limonene synthase from S. tenuifolia. It also shared high homology with those of known l-limonene synthases from other Labiatae plants (Mentha spicata, 70.8%; M. longifolia, 70.6%, Perilla frutescens, 62.8%; P. citriodora, 62.7%). The phylogenetic tree of these limonene synthases constructed by ClustalW alignment program 21) was shown in Fig. 7 , where the llimonene synthase from grand fir (Abies grandis) 22) was situated in an out-group. d-Limonene synthases from S. tenuifolia and A. rugosa were classified to the same cluster and formed a large group together with another cluster composed of two l-limonene synthases from Mentha species. However, l-limonene synthases from two Perilla species were classified into a separate cluster. These results are consistent with Croteau's results 2) that mono-, sesqui-, and diterpene synthase genes cloned from closely related plants were more similar to each other, irrespective of their functions, than to those cloned from distant species and having the same function. This close relationship in the dendrogram and high identity of d-and l-limonene synthases from Labiatae plants indicate that the regulation of the stereochemistry in limonene biosynthesis depends on a few amino acid residues.
The cyclization of GPP to limonene is supposed to proceed via LPP and linalyl cation as shown in Fig. 1 . In this reaction sequence, the stereochemistry of the product is determined by the way of folding of the intermediates shown as conformation A and B in Fig. 1 . The pyrophosphate and terminal isopropylidene groups of the two conformers appear to occupy similar parts in the active site of the enzymes. In fact, relative positions of the DDxxD motif and two arginine residues, which contribute to stabilization of the pyrophosphate group, 5) were identical in the coding region of d-and llimonene synthases. Therefore, the folding pattern of these intermediates is supposed to be determined by the position of amino acid residues that stabilize the allylic cation. Thus, we focused on the aromatic and acidic amino acid residues in the enzyme protein, because they are capable of stabilizing the positive charge of the cation intermediate by the p-electrons of aromatic ring or carboxylate anion in their structures. In the previous report 15) we identified 11 amino acid residues (four aromatic and seven acidic) as candidates for the amino acid residues controlling stereochemistry of the enzymatic reaction, based on comparison of amino acid sequences between d-limonene synthase from S. tenuifolia and l-limonene synthases from Labiatae plants. However, three (G245, D412 and R431 in ArLMS) of these amino acids should be excluded from the list of candidates, because the amino acid residues of these positions were not conserved among d-limonene synthases from A. rugosa and S. tenuifolia, and two (D412 and R431) were the same as those of llimonene synthases from Labiatae plants.
Currently, site-directed mutagenesis and domain-swapping experiments using d-and l-limonene synthases from Labiatae plants are under way for the purpose of characterizing the amino acid residues responsible for the regulation of stereochemistry. 
